[1] Based on the best track data of tropical cyclones (TCs) in the North Atlantic and the NCEP/NCAR reanalysis during 1981 -2008,the effect of vertical wind shear (VWS) between different vertical levels and with different directions of shear on TC intensity change for TCs of different intensities, translational speeds, and latitudes were statistically analyzed. The results show that TC intensity change and VWS are generally negatively correlated, indicating the overall negative effect of VWS on TC intensity. The strong, slow moving, and low latitude TCs are strongly affected by VWS in a deep layer, while the weak, fast moving, and high latitude TCs are subject to strong effect by VWS in the mid-lower troposphere. Furthermore, overall easterly shear, especially in the mid-lower troposphere, has considerably weaker effects on TC intensity change than westerly shear because part of the easterly shear could be offset by the beta-induced northwesterly shear. Citation: Zeng, Z., Y. Wang, and L.
Introduction
[2] Vertical wind shear (VWS) is an important environmental dynamical control on tropical cyclone (TC) genesis, intensity, and structure changes [Gray, 1968; Wang and Holland, 1996; DeMaria, 1996; Frank and Ritchie, 2001; Zehr, 2003; Reasor et al., 2004; Wong and Chan, 2004; Wang and Wu, 2004; Chen et al., 2006; Heymsfield et al., 2006; Braun and Wu, 2007] . VWS describes the change of mean large-scale horizontal wind with height. It is commonly measured as the horizontal wind difference (magnitude and direction) between 200-850 hPa averaged within a given radius (such as 500 km radius) or in an annular region between two given radii (e.g., between 500 km and 900km from the TC center) [Emanuel, 2000; Zehr, 2003; Paterson et al., 2005; Heymsfield et al., 2006; Zeng et al., 2007 Zeng et al., , 2008 .
[3] Although in some cases, a re-intensification can occur after the TC adjusts to VWS through the vertical alignment process [e.g., Reasor et al., 2004] , strong VWS is generally detrimental to TC genesis and intensification, causing an existing TC to weaken. In strong VWS, the low-level center of a TC often becomes exposed with convection and cloud shield shifted downshear and the TC typically weakens. Observational studies have shown a nearly linear relationship between high VWS and the (12 -36 h) lagged mean weakening rate of TCs [DeMaria, 1996; Paterson et al., 2005; Zeng et al., 2007 Zeng et al., , 2008 . In the development of both the Statistical Hurricane Intensity Prediction Scheme (SHIPS) [DeMaria and Kaplan, 1999] and the Statistical Typhoon Intensity Prediction Scheme (STIPS) [Knaff et al., 2005] , VWS has been shown to be a key predictor to TC intensity prediction.
[4] Although the difference in mean horizontal winds between 200 -850 hPa is a good measure of VWS, limited case studies indicate that VWS between different vertical levels and with different directions (e.g., easterly shear versus westerly shear) could have different effects on TC intensity change. For example, Black et al. [2002] studied two eastern North Pacific hurricanes and examined the relationship between the storm intensity change and the local vertical shear in the storm inner-core region. They found that Hurricane Jimena (1991) maintained intensity or weakened slightly in 13-20 m s À1 of easterly shear and that Hurricane Olivia (1994) continued to intensify in 8 m s À1 of easterly shear and weakened when the shear reversed to larger than 15 m s À1 of westerly shear. Although lower SSTs and drier air intrusion for the latter case might have played an important role, the reversal of vertical shear direction could have been also a factor. Ritchie and Frank [2007] found that the beta effect on a TC could produce a northwesterly VWS as large as 5 -8 m s À1 over the TC core. As a result, the easterly (westerly) environmental shear could be partially offset (enhanced) by the beta-induced vertical shear. Therefore, a TC embedded in westerly shear would be expected to weaken more than one embedded in easterly shear. DeMaria [1996] showed statistically that high latitude, large, and strong TCs are less sensitive to the effect of VWS than low latitude, small, and weak TCs.
[5] The possible dependences of the VWS effect on TC intensity change on the shear direction, shear in different vertical layer, and translational speed of the TC itself have not been analyzed statistically from observations thus far. This, however, is important for TC intensity prediction. To provide an initial evaluation, a statistical analysis for the North Atlantic TCs is conducted. We differentiate not only the shear between different levels but also the direction of the shear and the translational speed of storms.
Data and Methodology
[6] The best track data of the National Hurricane Center/ Tropical Prediction Center (NHC/TPC) were used in this study. The dataset consists of 6-hourly TC latitude/longitude and maximum sustained near-surface wind speed for each TC from 1981 to 2008 over the North Atlantic. Only named TCs with the maximum wind speeds greater than 17 m s
À1
within the region of 20°W -100°W, 0°N -50°N were included in our analysis. To avoid possible land effects, storms with their centers over land were excluded in the analysis. National Centers for Environmental PredictionNational Center for Atmospheric Research (NCEP/NCAR) reanalysis products [Kalnay et al., 1996] were utilized to estimate VWS of the large-scale environmental flow. The data are available at 6 h intervals with a horizontal resolution of 2.5°latitudes/longitudes at 17 vertical pressure levels.
[7] The translational speed of a TC was calculated using the centered time differencing based on the observed changes in longitude and latitude at 6 h intervals, except for the first and the last records where a one-sided time differencing was used. VWS is estimated from the NCEP/ NCAR reanalysis and defined as the difference of vector winds between the given top and bottom levels averaged within a circle of 5°latitudes around the TC center. The top level and bottom level are varied from 100, 200, 250, 300, 400, 500, 600, 700, 850, 925, and 1000 hPa with the bottom level at least one level below the top level. The lagged TC intensity change was estimated by the observed cumulative TC intensity change over the given time lags (12 and 24-h lags will be discussed in this study) based on the best track data with some time lags after the VWS was calculated.
[8] The Pearson correlation coefficient between the rate of TC intensity change and the VWS is calculated based on a linear fitting between TC intensity change with 12 and 24-h lags and the VWS for all cases in different categories, such as the strong (with the near-surface maximum wind speed V max ! 40 m s À1 ) and weak (V max < 40 m s
) TCs, fast (with translation speed ! 6 m s À1 ) and slow (with translation speed < 6 m s À1 ) moving TCs, easterly versus westerly shear, and low latitude (south of 30°N) versus high latitude (north of 30°N) TCs. There are 6561 sample records in total and the numbers for each classification with both 12 h lag and 24 h lags are listed in Table 1 . The significance of the correlation coefficient was examined using the t-student test. The results discussed below all passed the 99% confidence level.
Results
[9] Figure 1 shows the correlation coefficients between VWS and 12 h and 24 h lagged intensity changes, respectively, as a function of shear between the given top and bottom pressure levels for strong and weak TCs. The TC intensity change is negatively correlated with VWS between any given levels for both strong and weak TCs, indicating the statistically significant negative effect of VWS on TC intensification. For strong TCs (Figures 1a and 1b) , the relatively large negative correlation coefficient occurs when the top level of shear is at 200 and the bottom level at 850-1000 hPa with the maximum negative correlation coefficients of about À0.26 (À0.28) for 12 h (24 h) lagged intensity change. The correlation coefficient with top level of shear at 400-800 hPa is relatively small, indicating that the low-level shear has a relatively weak effect on the intensity change of strong TCs. For weak TCs (Figures 1c  and 1d ), relatively high negative correlation coefficients occur for the top level of shear between 200 -400 hPa and the bottom level of shear below 600-700 hPa (Figure 1d ). This indicates that weaker TCs are subject to stronger effect by VWS in either the mid-lower troposphere or the midupper troposphere. Consistent with DeMaria [1996], we also find a maximum correlation coefficient for the 24 h lagged intensity change.
[10] An interesting result is the strong dependence of the correlation coefficient on the translational speed of TCs (Figure 2 ). For slow moving TCs (Figures 2a and 2b) , relatively high negative correlation coefficients appear for WVS with the top level of shear between 200 -400 hPa and the bottom level at about 900 hPa, indicating that TC intensity is affected by shear in a deep layer. The correlation coefficients for the top level of shear below 600 -700 hPa or for the bottom level of shear above 400 -500 hPa are relatively small or not statistically significant, especially for the 24 h lag (Figure 2b ), indicating that shear in the lower or upper troposphere seems to have weak effect on slow moving TCs. For fast moving TCs (Figures 2c and 2d) , relatively high negative correlation coefficients occur with the top level of shear at 200-300 hPa while the bottom level is either in a relatively deep layer between 500-800 hPa or at 1000 hPa, indicating that fast moving TCs are strongly affected by VWS both in the mid-upper troposphere and in a deep layer throughout the depth of the troposphere. This is similar to the case for weak TCs (Figures 1c and 1d) . This is consistent with the finding of Zeng et al. [2007 Zeng et al. [ , 2008 that fast moving TCs are generally weak due to asymmetric forcing in the TC boundary layer resulting from TC movement [Emanuel, 2000; Wang and Wu, 2004] .
[11] The effect of VWS on TC intensity change is also latitude-dependent (Figure 3 ). For TCs south of 30°N (Figures 3a and 3b) , the distribution of the correlation coefficient is qualitatively similar to that for strong TCs (Figures 1a and 1b) . The relatively high negative correlation coefficient appears in a narrow zone with the top level of shear at 200 hPa and the bottom level from 600 hPa to 1000 hPa, indicating that VWS in the mid-upper troposphere is equally important to shear in the deep layer for low latitude TCs. For TCs north of 30°N (Figures 3c and 3d) , relatively high negative correlation coefficients occur with the top level of shear in a layer between 200 -400 hPa while the bottom level is between 600 and 800 hPa. This indicates that after TCs move into high latitudes, they would be subject to stronger effects from shear in the mid-upper troposphere. Note that the overall small correlation coefficients for high-latitude TCs indicate that these storms are less impacted by shear. This confirms the earlier study with a larger sample by DeMaria [1996] .
[12] Figure 4 shows the correlation coefficient between VWS and lagged TC intensity change for westerly and easterly shears, respectively. The direction and magnitude of the shear were defined as the difference in vector winds between the top and bottom levels and any directional changes in between was ignored. For westerly shear (Figures 4a and 4b) , relatively high negative correlation coefficients in westerly VWS occur to the shear with the top level between 200-300 hPa and the bottom level between 600-1000 hPa. The maximum values occur with the bottom level in the middle troposphere (600-700 hPa) and near the surface. Therefore, the westerly shear in the mid-upper troposphere, as well as the shear throughout the depth of the troposphere, would have a relatively large negative effect on TC intensification. For easterly shear (Figures 4c  and 4d ), relatively high negative correlation coefficients occur with the top level of shear between 200-300 hPa and the bottom level at, respectively, between 700-900 hPa for the 12 h and 850 hPa for the 24 h lagged intensity changes. Different from westerly shear, easterly shear in the upper troposphere (200 -400 hPa) or the lower troposphere (below 500 hPa) has little effect on TC intensity change, while shear between 200 -300 hPa and 850-900 hPa has a relatively stronger limiting effect on TC intensification and thus TC intensity. Furthermore, the correlation coefficient for westerly shear is generally larger than that for easterly shear, though the sample size is smaller in the latter Table 1 ). This indicates that westerly VWS has a stronger negative effect on TC intensity than easterly VWS. This seems to be consistent with the hypothesis of Ritchie and Frank [2007] that the effect of easterly shear could be partially offset by the beta-induced northwesterly shear.
Conclusions
[13] In this study, based on the best track data of TCs in the North Atlantic and NCEP/NCAR reanalysis data during 1981 -2008,the effect of VWS between different levels and with different directions of shear on the 12 h and 24 h lagged intensity changes for TCs having different intensities, translational speeds, and at different latitudes were statistically analyzed. Results from the linear regression analysis show that TC intensity change and VWS are negatively correlated, indicating the overall negative effect of VWS on TC intensity. The strong, slow moving, and low latitude TCs are more strongly affected by VWS in a deep layer throughout the depth of the troposphere. In addition to being more strongly affected by deep layer VWS, the weak, fast moving, and high latitude TCs are subject to stronger effects by VWS in the mid-lower troposphere as well. Overall, easterly shear, especially in the mid-lower troposphere, has weaker effects on TC intensity than westerly shear. This could be due to the partial offset of easterly shear by the beta-induced northwesterly shear.
[14] It seems that no universal means by which VWS is measured can fully explain the effects of VWS on TC intensity change. We have shown that both the top and bottom pressure levels for the VWS to be highly correlated to the lagged TC intensity change vary with TC intensity, translational speed, latitude, and the direction of shear. Therefore, the commonly used measure of VWS as the difference of mean winds between 200-850 hPa could not be the best choice to evaluate the effect of vertical shear on TC intensity change. For example, in the case of TCs north of 30°N, the TC intensity change is not highly correlated with the VWS between 200-850 hPa, rather it is highly correlated with the shear between 200 -400 hPa and 600-800 hPa. Our results also suggest that westerly shear have a stronger negative effect on TC intensity change than easterly shear. This was previously hypothesized by Ritchie and Frank [2007] from idealized numerical simulations.
[15] Note that the statistical analysis performed in this study could not explain why the correlation coefficient between the VWS and the lagged TC intensity change depends on the TC intensity, translational speed, latitude, the levels between which VWS is measured, and the direction of shear. Therefore, it will be an interesting topic for future studies to elucidate the physical mechanisms involved in the dependence of the VWS effect on various parameters as revealed here. The results suggest that when we discuss the vertical shear effect on TC intensity change, we should examine not only the shear between two standard pressure levels (as commonly used 200 hPa and 850 hPa) but also check the vertical profile of the shear. The dependence of TC intensity change on various parameters of the TC and the VWS could be considered in the statistical scheme for TC intensity prediction to achieve the improved prediction skill [Knaff et al., 2005] .
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